Abstract-The coherence between the complex image pair from two channels is important for improving the capability of alongtrack interferometry (ATI) processing in synthetic aperture radar (SAR) ground moving target indication (GMTI). The along-track dual-channel low frequency SAR can be easily influenced by not only mismatch errors of the image pair but also the radio frequency interference (RFI). RFI has great impacts on the joint probability density function (PDF) of magnitude and phase in the interferometric image. However, little work has been done to investigate the coherence improvement under RFI. This study develops an algorithm to improve the coherence of the image pair for along-track dual-channel low frequency SAR, which can be used by ATI. After analyzing RFI imaging in detail, it is proposed that the along-track interferometric image in the range frequency and cross-range slow time domain can be used to detect RFI. Median filters are proposed to further suppress RFI. This suppression has the same implementations to the image pair without heavy computation load. Considering RFI suppression and mismatch errors compensation, a pre-processing flow is proposed to achieve high coherence of the interferometric image in low frequency SAR. It is shown that the coherence of the complex image pair can be improved greatly by using this pre-processing flow. The effectiveness of this algorithm is demonstrated with real data acquired by an airborne along-track dual-channel P-band SAR GMTI system.
INTRODUCTION
Along-track interferometry (ATI) is an operational and easy way in ground moving target indication (GMTI) with along-track dual-channel synthetic aperture radar (SAR) [1] [2] [3] [4] , but the interferometric phase is very sensitive to the coherence of the complex image pair. In high frequency SAR system, thermal noise in the channels, imbalanced receiver hardware or different antenna gain patterns may add interference to the returned echo. The differences of channel transfer functions or antenna beam patterns can result in the systematic phase errors in the interferogram [5] [6] [7] [8] [9] . All of them will degrade the coherence of the image pair and distort the moving target detection using ATI. To guarantee the performance of ground moving target indication (GMTI), the coherence of the complex image pair should be high enough.
Low frequency SAR [10] [11] [12] [13] can detect moving targets concealed in forest or under camouflage. However, this system has not only mismatch errors similar to that in high frequency system but also the radio-frequency interference (RFI). The coherence will be degraded by both of them. Radio-frequency bands are occupied by communication systems, such as television, FM radio, narrowband FM (NBFM) two-way radio repeaters, and other sources [14, 15] . These narrow bandwidth interferences, changing from one pulse to another, will degrade image quality and bring interferometric phase errors [16] [17] [18] . Up to now, RFI suppression methods of SAR mainly focused on improving image quality with raw data collected by a single channel. The methods based on unknown range frequency, such as adaptive filtering [14, 19, 20] and channel equalization [21] , do not need to estimate the parameters of interference signal. They are more practical than the methods based on known range frequency. However, adaptive filtering with complicated implementation may leave interferences unsuppressed in the fluctuating clutter. The filtering is implemented on each channel respectively. The differences of implementations will introduce extra mismatch errors to degrade the coherence of the image pair. Channel equalization is easier and more effective in real-time imaging, but this suppression method will easily leave unsuppressed RFIs which have narrow bandwidths and weak energies. It's noted that the influence of RFI to the interferometric phase is much stronger than that to the magnitude [15] [16] [17] [18] . Therefore the suppression methods aiming at improving image quality are insufficient to the along-track interferometric image.
Few literatures have considered RFI suppression for the interferometric image, except the algorithm based on coherent estimation with subtraction of interfering signals adaptive filtering [22] and notch-filtering of the interferences with focused SAR images [18] . These suppression methods belong to the adaptive filtering methods, which are implemented in each channel respectively. Both of them assume that RFI can be suppressed complete and there is no phase differences left from receiving channels or suppression procedure. Actually, the unsuppressed RFI is unavoidable in real data processing. It has little influence on the magnitude image, but it may destroy the joint probability density function (PDF) of magnitude and phase in the interferometric image as explained in Section 2. The conventional pre-processing of ATI aimed at improving the coherence, only contains the channel balancing techniques and accurate image coregistration methods [5-9, 23, 24] . Therefore, it cannot satisfy the applications of ATI in the low frequency SAR system with unsuppressed RFI. When the load of platform is light, like unmanned aerial vehicle (UAV) [25, 26] , it is also necessary to use a simple pre-processing flowchart for the real-time processing.
In this paper, novel pre-processing techniques consisting of two parts are developed to improve the coherence of along-track dualchannel low frequency SAR. In the first part, the characteristics of RFI in the focused image are analyzed and a novel suppression approach considering phase errors from weak RFI is proposed for alongtrack interferometric image. In the second part, mismatch errors in dual-channel low frequency SAR are analyzed with the corresponding compensation in different data domains. The proposed algorithm is an attractive approach for several reasons: (a) The interferences can be suppressed almost completely for the applications by interferometric phase; (b) No extra error will be brought from the differences of implementations in each channel; (c) some possible error sources that degrade the coherence of dual-channel low frequency SAR are included; and (d) both the suppression and error compensation only use nonadaptive filtering, such as the median filter, which can reduce the computation complexity and facilitate real-time implementation.
The basic principle of coherence improving algorithm proposed here is very similar to that in [9] , where a 2-dimension (2-D) phase error reduction technique was proposed to maximize the coherence of image pair for moving vehicle detection. However, our paper considers the distortion to the interferometric image caused by unsuppressed RFI and various errors for the low frequency system. Both the RFI suppression and error correction can be united in the pre-processing flow based on the real-time SAR images, which are obtained from the data acquired pulse by pulse. This paper is organized as follows. In Section 2, the properties of RFI on the interferometric image and the focused image in the range frequency and cross-range slow time domain are analyzed in detail. In Section 3, a novel suppression approach is proposed for the along-tack interferometric image. In Section 4, various errors in low frequency system are considered and an algorithm for improving the coherence is presented. In Section 5, the performance is analyzed and verified by both simulation and experimental results. The real along track low frequency SAR data is acquired by an airborne along-track dualchannel P-band SAR GMTI system. Section 6 concludes the paper. In the following context, we use the frequency-time domain for the range frequency and cross-range slow time domain, the time domain for the range fast time and cross-range slow time (2-D time) domain, and the frequency domain for the range frequency and cross-range frequency (2-D frequency) domain for simplicity.
PROPERTIES OF RFI
It is noted that during the real-time processing, it is easy to meet the case that unsuppressed RFI are left in the interferometric image in the low frequency SAR system. The statistical results based on the real data will show that these unsuppressed RFI will distort the joint PDF of interferometric magnitude and phase. Figure 1 (a) describes the joint PDF from a small region of the airborne along track low frequency SAR scene. This scene is the same as the following one that Figure 2 (a) describes in this section. The region is the area-A as marked in the Figure 5 in Section 5. Since there are no interferences, the interferometric phases of most pixels are close to zero and the distribution is identical with the theoretical one in [1, 27] . Figure 1 However, the phases of most pixels in Figure 1 (b) are far away from zero, whose values are around a fixed phase. The reason lies in the fact that when the RFI is larger than the clutter, the formed complex-valued image pixel is dominated by the RFI. Since the RFI is directionally sensitive, the RFI received by the two channels are different. Therefore, the interferometric phases of the image formed by received echo of the two channels are not zero in the area dominated by the RFI, which reduces the coherence of the image pair eventually.
Conventionally, in the real-time processing, RFI suppression is operated on the range frequency azimuth time (frequency-time) domain of raw data. The interference is focused in this domain. This is beneficial for suppression by its high energy. But the suppression in this domain must preserve the phase for the following azimuth compression, which cannot consider phase suppression. Once there is interference left, the distortion to the joint PDF is unavoidable. Moreover, if the suppression is implemented in each channel respectively, there will be an extra error in the interferometric image from the differences of implementations. The following context and simulation will show that the image in the frequency-time domain is also suitable for RFI suppression, especially for the interferometric phase.
Suppose the received RFI signals are a sum of complex sinusoid signals [14] . In the ith channel (i = 1, 2), a single RFI signal at range frequency f l can be written as
where τ and t m denote the range fast time and cross-range slow time, respectively. The term in the square bracket indicates the part that RFI signal varies with the slow time t m , where ρ l denotes the magnitude, rect
denotes the azimuth rectangular window of the i channel with the center time t i l and the duration T l . The phase of RFI ϕ i l (t m ) will change from one pulse to another. Equation (1) 
where FT denotes 2-D Fourier transformation, and f r and f a denote the range and azimuth frequency, respectively. The impulse response δ (·) ignores the scaling of magnitude from the azimuth rectangular window.
Assume that the radar platform moves at a constant velocity v a along a straight path and transmits linear frequency modulation pulses at the center frequency f c . The 2-D compensation function for imaging a static target at slant range R 0 can be expressed as [28] :
where K r is the range modulation slope and c the speed of light. Equation (3) can be divided into two parts: the range compression function
and the azimuth compression function including the coupling term between range and azimuth:
Therefore, the expression of RFI in the frequency domain after SAR imaging can be written as:
where
Therefore, the expression of RFI in the frequency-time domain can be calculated as follows:
According to the principle of stationary phase (POSP) [28] , f t m − t i l can be deduced as a line along the cross-range slow time. It will be easy to understand this characteristic of RFI distribution when we use the approximate azimuth compensation functionH a (f a ) = exp −j
, where K a is the azimuth modulation slope. By this approximate function, the analytical expression of f t m − t i l can be written as:
It can be noted from (9) that the duration of RFI in the slow time increases to the range of t m , as well as the duration of azimuth compression function -the synthetic aperture time T a . Therefore, the RFI signal in the frequency-time domain is distributed as a line. Usually, the duration T l of RFI is short and the 3 dB width of the main lobe of sinc function is large. So the magnitude of RFI varies slowly under the system parameters of real scene and lasts a longer time than T l . Here we denotes this longer time as T l . Substituting the expression (9) into (8), the RFI signal in frequency-time domain can be simplified as:
and ρ l is the magnitude of RFI in this domain. After the image registration, the difference time of t i l can be compensated, i.e., A l,m = A i l,m . As a result, the main difference of RFI signal is the interferometric phase ∆ϕ l in the interferometric image of the frequency-time domain.
However, the RFI signal has a narrow bandwidth in practice, which brings a coupling term between range and cross-range. With the imaging parameters of the static target and some approximations to H a (f a , f r ), there may be a curve to the distribution of RFI in the frequency-time domain image. Fortunately, the curvature of the curve is so small that it will not influence the application of our approach, especially when the low frequency SAR uses high precise imaging algorithms, like non-linear chirp scaling algorithm (NCSA) and omegak algorithm [28] [29] [30] . Figure 2 (b) illustrates an example of an airborne low frequency SAR data which is transformed into the frequency-time domain. The interferences are visible as long lines with little curvature, which have been marked in the rectangles. These interferences are very weak, so that the quality of the image magnitude is not deteriorated by them, as shown in Figure 2 (a).
THE SUPPRESSION ALGORITHM
Based on the properties of RFI, the characteristics of the interferometric image in the frequency-time domain are considered first. Suppose there are L RFI signals in a N × M ( range × crossrange) image. The frequency-time domain of these interferences can be expressed as:
The subscript m denotes the slow time t m , m = 1, 2, . . . , M . The frequency-time domain image of the ith channel can be expressed as:
is a coherent sum of scene clutters, moving target and image noise. In the frequency-time domain, it is distributed along the range frequency at the slow time t m and is orthogonal to the distribution line of RFI. So the frequency-time domain interferometric image can be expressed as:
with the magnitude ρ 2 x (f r , t m ) and the phase ∆ϑ m (f r ) of the interferometric image I (f r , t m ). ρ x (f r , t m ) can be considered as the magnitude of pixel in the image X i (f r , t m ).
When the pixel of I (f r , t m ) does not contain the RFI signal, Equation (14) can be expressed as:
In this case, the interferometric phase indicates the motion of target. Since the moving target is usually covered by static clutter in frequency-time domain, there is ∆ϑ (f r , t m ) ≈ 0 • . When the pixel of I (f r , t m ) contains the RFI, the interferometric phase ∆ϑ (f r , t m ) may be far away from zero. Assuming Z i (f r , t m ) follows the complex Gaussian distribution CN 0, σ 2 0 /N , with the variation σ 0 of the time domain image. The expectation of Equation (14) at the range frequency f l can be written as:
The expression (16) is a biased estimation of the RFI signal, as well as the maximum likelihood estimation [31] of RFI at the frequency f l . The extra interferometric phase ∆ϕ l will help us detect RFI. Based on the above analyses, the novel suppression approach for along-track dual-channel low frequency SAR is proposed as follows:
Step 1, detection of RFI signal in the interferometric image of the frequency-time domain.
In this step a binary mutually exclusive hypothesis detector is proposed to detect whether the pixel of I (f r , t m ) is influenced by RFI as H 1 or not as H 0 :
where |·| denotes the absolute sign and (γ 0ρm ) 2 the threshold of interferometric magnitude. Hereρ m is the expectance of ρ x (f r , t m ) at the slow time t m and γ 0 the weighting constant. ∆θ m is the expectation of absolute value of ∆ϑ (f r , t m ), and it denotes the threshold of interferometric phase. This detector can estimate the duration T l of RFI signal in frequency-time domain by the detection of pixels. It is similar to the detector of ATI in the time domain image, except that both interferometric magnitude and phase thresholds can change with the slow time. It can apply to the complicated scenes in practice. Moreover, the simulation results in [32] indicate that γ 0 = 0.5 and ∆θ m = 15 • are suitable for this detector, when the moving target is flooded by static clutter.
Step 2, suppression of the magnitude. Based on the above detection, the median filtering is implemented in the frequency-time image of each channel to suppress the magnitude of RFI and to revert the magnitude of scene clutterX i (f r , t m ) from
where ∠· denotes the phase angle and MedFilter [·] the median filtering. The bandwidth of median filter is twice more than the one of detected RFI.
Step 3, suppression of the interferometric phase. In this step, another median filter is implemented in the frequencytime interferometric image to suppress the interferometric phase of RFI and to estimate the interferometric phase without RFI, which can be expressed as:
The bandwidth of this median filter is twice more than that of interferometric phase from the detected RFI. Equation (19) is only implemented onX 2 (f r , t m ), which is influenced by RFI. The other part ofX i (f r , t m ) is the same asX 1 (f r , t m ). This step will preserve the interferometric phase of possible moving target in the scene. The inverse Fourier transforms ofX i (f r , t m ) can produce the time-domain imagesx i (τ, t m ) with further RFI suppression. The entire block diagram of the proposed approach is shown in Figure 3 . The left part of Figure 3 is the flowchart of the proposed suppression approach. The right part of Figure 3 is the schematic representation of the intermediate results at each processing step from Figure 2 . The strong interferences in the magnitude image in the time domain of Figure 2 (a) has been suppressed by channel equalization during imaging processing by NCSA. However, weak interferences are left with phase difference, as shown in Figure 3(a). Figures 3(b) and (c) give the detection results of magnitude and interferometric phase respectively, which are indicated by rectangles. By the median filtering in step 2, the magnitude of these weak interferences can be suppressed, as shown in Figure 3(d) . The interferometric phase of image can be corrected by median filter in step 3, and the result is shown in Figure 3 
THE COHERENCE IMPROVING ALGORITHM
In this part, we consider those mismatch errors that will reduce the coherence of the image pairs. The coherence ρ γ between the complex image pair x i (τ, t m ) after SAR imaging can be evaluated as:
where * denotes the complex conjugate operation,
is the sum of the pixels in the area to be evaluated [8, 27] . In low frequency system, the sources of these errors are mainly from frequency response of receiving channels, beam pattern and the motion of platform with the fluctuant ground clutter: (a) The frequency response difference arises from the signal chain comprised of the radio frequency, baseband, sample-and-hold and A/D elements. We can calibrate the frequency mismatch errors from raw echo by equalizer in the 2-D frequency domain.
(b) The beam pattern difference arises from the differences of antenna in each channel. Since the antenna of each channel is installed independently on the platform, the beam pattern differences can be divided into two parts. One is the pointing deviation of the depression angle and the bearing cone angle [5] [6] [7] [8] [9] , which may be caused by the installation error. The pointing deviation of the depression angle causes the mismatch of the range gate (i.e., the range fast time), while the pointing deviation of the bearing cone angle causes the mismatch of the Doppler frequency (i.e., the cross-range frequency). The beam pattern could vary from one pulse transmission to another because of heat and other uncontrollable natural factors that affect the internal circuitry. The other is the fixed error of antenna system itself [33] [34] [35] , which will bring a constant error of magnitude and phase in the image pair This error can be corrected during the compensation of the registration error.
(c) The motion of platform like the attitude variations of aircraft and the atmospheric effects will distort the baseline in both alongtrack and vertical direction. The error between the designed alongtrack baseline and the real one causes the mismatch of images in slow time, while the vertical baseline error will cause the interferometric strip under the fluctuant ground clutter [36, 37] . This unwanted interferometric strip will also distort detection of the interferometric phase of moving target.
It is noted that the composition of the pointing deviation of the depression angle, the along-track baseline error and the fixed phase error of antenna system can be considered as the registration error of image pair. If the scene just contains static clutter and there is only the registration error in the image pair, the image of the second channel after compensation will be coincident with the image of the first channel. In this case, the image of the second channel can be expressed as:
where ∆τ and ∆t m denote the shifts in the range fast time and the cross-range slow time, respectively, and φ c the constant phase error of the image pair. Low frequency SAR has wide beam angle, long synthetic aperture time, and the possible large bandwidth for high resolution imaging. The aforementioned errors have larger variation space than those in high frequency SAR. It is very important to correct these errors for coherence improving. It is noted that all mismatch errors can be compensated on the time domain or the frequency domain [8, 9] . The mismatch errors like the pointing deviation of the depression angle in the beam pattern can be compensated easily in the frequency domain. The correction of these errors can be expressed as:
where X 2 (f r , f a ) denotes the image of the second channel after compensation in the frequency domain and G f (f r , f a ) the errors to be compensated in the frequency domain. Theoretically, if there is only the error G f (f r , f a ) in the image pair and the compensation is complete, X 2 (f r , f a ) will be equal to the image of the first channel in the frequency domain X 1 (f r , f a ) in the pixels of static clutter. The mismatch errors from the extra vertical baseline and the fluctuant ground clutter can be compensated easily in the time domain. The correction of this error can be expressed as
where x 2 (τ, t m ) denotes the image of the second channel after compensation in the time domain and g t (τ, t m ) the errors to be compensated in the time domain. Since the low frequency SAR has a longer wavelength than the high frequency system, the local strip frequency of interferometric phase is lower than the one in high frequency system. Therefore, the variation of g t (τ, t m ) is slow.
Similarly, x 2 (τ, t m ) will be equal to the image of the first channel x 1 (τ, t m ) in the pixels of static clutter, if there is only the error of g t (τ, t m ).
Step 5 Equalizer c
Step 4
Step 3
Step 2
Step 1
Along Track Interferometry raw data raw data Based on the contents in Section 3, we now propose the total pre-processing flow to improve coherence for the airborne along-track dual-channel low frequency SAR system The block diagram is shown in Figure 4 and the steps in details are as follows:
Step 1, channel equalization. Select one channel as a reference channel, and calculate the equalizer in the closed loop before experiment sampling Then utilize the equalizer to compensate the frequency response difference of receiver channels by raw data. This step will reduce the sidelobe [28, 38] for the small time-bandwidth chirp signal at the same time [39] .
Step 2, SAR imaging. Complete SAR imaging of each channel, including the motion error compensation and the channel equalization for RFI suppression [21] . Channel equalization is an operational way in real data processing. It can suppress those interferences with large energy and wide bandwidth, but it may leave weak and narrow bandwidth RFI unsuppressed. Different imaging algorithms may bring some signal processing errors. The same high precise imaging algorithm for both channels will reduce these errors [28] [29] [30] . The obtained image pair after imaging is x i (τ, t m ).
Step 3 image registration.
Compensate the registration error of image pairs according to strong clutter in the SAR image. The mainlobes of strong static targets are hardly affected by unsuppressed RFI, especially when their magnitude are higher than −20 dB in the dB scaling SAR images. To avoid the heavy computation load, we can select the corresponding region of interest (ROI) in both channels, which contains the same strong targets. Then estimate the deviation of the maximum value in the 2-D frequency domain by interpolation, as well as the estimated mismatch errors ∆τ and ∆t m . Both of them can be compensated in the frequency domain according to Equation (22) , and G f (f r , f a ) can be defined as
The constant phase error φ c can be estimated by the interferometric image of ROI in the time domain. To obtain a robust evaluation, the above estimation can be repeated in different ROIs. Finally, the registered image pair is obtained asx i (τ, t m ).
Step 4 RFI suppression. Use suppression algorithm in Section 3 to suppress RFI to satisfy the following detection of ATI. The renewed image pair isx i (τ, t m ).
Step 5 residual errors compensation. The residual errors come from the beam pattern differences, the vertical baseline and other processing errors. This compensation includes two steps. First, select one channel as a reference channel and calibrate the magnitude differences |G e (f r , f a )| in the frequency domain by (22) . Here G f (f r , f a ) ∆ = |G e (f r , f a )| The magnitude differences can be expressed as follows:
where the 2-D imagesˆ X i (f r , f a ) are transformed from the spectrum of ROI of strong static point targets by zeros padding. Second, use 2-D median filter to estimate the phase errors in the time domain
and compensate it on the interferometric image according to Equation (23) , where g t (τ, t m ) ∆ = exp (jϕ int (τ, t m )). Since this residual phase error mainly comes from the virtual vertical baseline, it varies slowly in the time domain. The multi-look image of the interferometric image I (τ, t m ) can be used in the median filtering. The filtering size should cover at least four times the number of pixels of moving targets. I (τ, t m ) is from the time domain image pair after the compensation of (25) . Finally, we obtain the image pair x i (τ, t m ) after this proposed algorithm.
This coherence improving algorithm synthesizes the main sources of errors in low frequency SAR. The median filtering used a lot in the novel approach is easy to implement in real-time processing. But this method only considers the slow variation of the magnitude and phase errors and the compensation only to the interferometric phase. It has little contribution to the clutter suppression.
SIMULATION AND EXPERIMENTAL RESULTS
In practice, the real velocities of uncooperative targets are unknown. It is also difficult to evaluate the accuracy of velocity estimation of the RFI suppression approach. Therefore, we first simulate scenes with RFI. These scenes contain static and moving targets with different magnitudes and radial velocities. The added RFI in the raw data lasts only 3 pulse repetition intervals with the magnitude of 6 dB comparing to a referenced static target, the bandwidth of 0.8 MHz and the phase difference ∆ϕ l of 120 • . Table 1 gives the mean and the standard deviation (STD) of the interferometric phase of each kind target under the cases without RFI, with RFI and after suppression using our approach. The results of each kind of target are concluded from the statistics of multiple targets at appointed magnitude and radial velocity. In this table, the weaker the energy of target is, the more serious influence the unsuppressed RFI has. After applying the proposed approach, the interferometric phases of both static clutter and moving targets approach to those without RFI. The velocity error can be expressed as: (27) where d denotes the baseline of antenna phase center and λ the wavelength. ε = ε |∆φ| + σ ∆φ is the sum of the mean error ε |∆φ| and the STD σ ∆φ (the square root of the variance). In Table 1 , the bottom of the line gives a reference maximum value of ε ∆φ = 3.4 • and σ ∆φ = 8.4
• . In this simulation, the parameter λv a /d = 46, thus 
The total coherence improving algorithm has been tested on along-track interferometric P-band data, acquired by a NUDT's (National University of Defense Technology) experimental SAR system -the airborne strip-map dual-channel SAR. This system has a range bandwidth of 50 MHz with the centre slant range of 10 km. The velocity of the platform is within the range from 150 km/h to 300 km/h. The scene image via channel equalization and NCSA is given in Figure 2(a) . In this scene, there is a broad runway along range time. Two cooperative vehicles with the same velocities are driving in sequence along this runway. Their positions are recorded by global position system (GPS). The area below the runway has lots of terraces. The area above the runway is near to the center of the city of Gui Yang in China, which has lots of interferences. Most of interferences have been suppressed by channel equalization during realtime processing. The magnitude image has satisfied the quality of its application. However, there are still weak and narrow band RFI signals left in the scene image as in Figure 2 (b), which will distort the interferometric phase image. Figure 5 (a) shows an interferometric phase image, which is formed by the real-time image pair in Figure 2 . Several strips in the range direction are clearly visible, caused by the RFI with phase differences of the image pair. Applying the proposed approach to both images, an improved interferometric phase image can be obtained, as shown Table 2 , the coherences estimated for three regions in Figure 5 are given. Area-A represents an area which is significantly affected by RFI, area-B is almost unaffected, and area-C is an area which is affected by other unknown interferences. RFI is an important error source to interferometric phase; the original coherence is very low for interferometric image. If only using the proposed suppression approach, which has the same implementations to image pair, the coherence can be improved greatly by the proposed RFI suppression. However, there are still some room for further coherence improvement of the image pair in area-A and area-C because of other mismatch errors, as is shown in the bottom line of Table 2 .
After using the total coherence improving algorithm, Figure 6 gives the final result of moving target detection by classical detection Generally, this approach cannot be expected to revert the interferometric phase of moving targets perfectly. The interferences, with a phase difference of the image pair, may be left in the interferometric image, and they will affect the interferometric phase of moving target. However, when the weighting constant γ 0 and the threshold of interferometric phase ∆θ m are chosen carefully, the influence from these interferences will be very small. It will not disturb moving target detection. The proposed pre-processing flow of coherence improving uses common median filters which has low computation load. This flow has a similar simple operation flow as moving target detection by ATI, so it is suitable for moving target detection in real-time.
CONCLUSION
In this paper, a novel pre-processing flow of coherence improving is proposed for GMTI in along-track dual-channel low frequency SAR, which considers RFI suppression for the along-track interferometric image. The novel RFI suppression approach is based on the focused image in the range frequency and cross-range slow time domain. Analyses show that RFI signal in this domain is distributed as a line along the slow time, and can be easily detected in the interferometric image. The proposed approach can suppress weak interferences with the same implementations to the image pair. The total coherence improving pre-processing flow also focuses on the mismatch errors in along-track dual-channel low frequency SAR, including frequency response of receiving channels, beam pattern, and the motion of platform with the fluctuant ground clutter. This simple operation flow can be applied to real-time processing with low computation load. The experimental results highlight the effectiveness of the proposed algorithm and show that it is suitable in critical environments. The simulation results of suppression approach demonstrate the accuracy of this approach. The estimated error of radial velocity approaches to 3.3% of platform velocity when the baseline equals to the wavelength. 
